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ABSTRACT 
The purpose of this chemical study of sulphides from the 
Peelwood district is to determine the distribution and 
occurrence of minor and trace elements in the major minerals. 
The Peelwood district lies 1n eastern New South Wales, just 
west of the Great Dividing Range in a still mountainous terrain. 
The Peelwood district contains several occurrences of pyritic-
lead-zinc-copper ores. However, only three mines-Peelwood 
(which includes the John Fardy lodes), Cordillera and Mount 
Costigan-contain a significant amount of nineralization. Ore of the 
same type is found at Captains Flat (and also at Woodlawn for ~·hich 
analyses unfortunately were not available). 
This research utilised seventeen rock samples from four 
separate mines of acid volcanic sequence. The principal 
sulphides are pyrite (FeS 2), sphalerite (ZnS), galena (PbS) 
and chalcopyrite (CuFeS 2). These rock samples were characterised 
as complexed massive ore type and OLe m~jor massive .ore type 
(e.g. either pyrite or sphalerite) in contact with gangue 
minerals. The ore types from these mines appeared to have 
similar sulphide masses and a sedimentary-volcanic environment. 
The chemical compositions can be similar or different among 
these mine samples. Elemental compositions to establish 
the distribution of minor and trace ele.nents among the major 
constituents have been determined. Comparisons of these 
distributions among mine samples were recorded in terms of 
elemental proportions and graphs. 
lll 
Analytical data is reported for the following sixteen 
elements; sulphur, zinc, lead, iron, copper, cadmium, manganese, 
silver, bismuth, antimony, cobalt, nickel, vanadium, tin, 
molybdenum and chromium. Also, the major minerals present 
are the sulphides; sphalerite, galena, pyrite and 
chalcopyrite. Various analytical techniques have been employed 
in order to identify and characterise the major, minor and trace 
cons tituent~ in the sulphide masses. _ The dissolution technique 
was modified for various samples with different lead contents 
in order to achieve maximu~ accuracy in the determinations 
using atomic absorption spectroscopy. This was utilised as a 
means of analysing zinc,lead, iron, copper, cobalt, cadmium 
and ma~ganese, while remaining elements (mainly trace elements) 
were analysed by x-ray fluorescence. 
Electron microprobe analyses of pyrite, sphalerite, 
galena and chalcopyrite gave information about the presence 
of minor and trace elements. Because of the limited resolution 
available with this method (electron microprobe analysis) 
minerals separated from samples were 
then analysed by atomic absorption spectroscopy. Cadmium 
and manganese were found in .;phalerite; cobalt, nickel and 
silver in pyrite;and silver in galena all as minor elements. 
Furthermore, the other elements that occurred in association 
with the major minerals were also listed. 
Finally, The lount Costigan and Cordillera mines we re 
closely related to each other in pyrite and sphalerite compo-
sition with resp ect to their minor element distribution. The 
lV 
John Fardy mine samples also appeared to have a similar 
pyrite ~omposition to the Mount Costigan and Cordillera nines. 
The Peelwood mine samples were distinguishable from the others 
· n nearly all types of minerals and their minor element 
distributions . 
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CHAPTER 1 
INTRODUCTION 
Interest in the elemental distribution in ore sulphides 
arose as a result of our limited knowledge on the abundance of 
elements in the Peelwood district. The sources of ore metals 
in sedimentary and hydrothermal sulphide deposits are still 
questioned. However each specific area has its own genesis 
which may relate one sequence of ore occurrence with others. 
Recent technological advances in optical, x-ray diffraction, 
x-ray fluorescence, electron microprobe and atomic absorption 
spectroscopy now enable the accurate and rapid determination 
of the chemical compositions of sulphides. 
It is accepted generally that sulphide ore deposits 
have been formed under reducing conditions in places where 
there were abundant supplies of metals and sulphur. In 
natural environments the number of elements know11 to combine 
principally with sulphide ion is limited. The quantity of 
deposition depends largely upon the relative activities of 
the indivi~ual metal and sulphur-bearing species in solution. 
Host rock types, igneous, metamorphic and sedimentary, provide 
a knowledge of prior ore deposits in the locality. Previous 
researchers have stated that massive sulphide ores appear 
genetically related to their volcanic host sequence (Stanton, 
1960; Anderson, 1969). Measurements of sulphur isotopes by 
Stanton and Ra fte r (1966) on the Captains Flat orebody showed 
that the source of sulphur for these sulphide deposits may 
have been provided by sea-floor fumaroles. In the geologic 
• 
2 
cycle, material ~ould be continually moved by erosion and 
transport processes from one part of the crust undergoing 
uplift to other parts undergoing subsidence, and sediments 
may be accumulated and changed into rock by diagenesis and 
metamorphism. Any large block of ordinary rock could be a 
source for major ore accumulations (Krauskopf, 1971) as an 
important type of transport process is leaching by hot ground 
water \hich would dissolve ore metals in one place and deposit 
in another. The accumulation of base-metal and heavy-metal 
ores occurring in sedimentary rocks plus the sorption process 
on the natural sor~ents are likely to play a role in the early 
formation of the orebodies (Beevers, 1966). However, from various 
events it would be concluded that the common sequence for large 
ore deposits is enrichment by dominantly sedimentary processes 
and later concentration by igneous process (Krauskopf, 1971). 
There is evidence that base metal sulphide deposits have form-
ed from hydrothermal solution at various temperatures, and 
pyritic masses serve as collectors for the base metals to form 
massive sulphides (Anderson, 1969). Mineral compositions 
may not be preserved as originally deposited but may have been 
re- equilibrated at widely differing rates during the period 
of cooling (Kullerud, 1970). 
In this thesis the trace and minor elements are con-
sidered to be the elements that are not critical to the structure 
of a11y mineral crystallizing from its parent liquid. A trace 
element is assumed conventionally to be less than 100 ppm of 
the mineral and substituted in available major mineral lattice 
3 
sites or filled in the interstitial sites. A minor element 
normally comprises between 0.1 and 1 percent of a rock. The 
concentrations of minor and trace elements in sulphide minerals 
depend solely on the amounts of these elements present in the 
ore-forming solution (Fryklung and Fletcher, 1955). But 
according to Carstens (1942), Kullerud (1953), and Campbell 
' 
and Jarkovsky (1969) the concentrations of the minor elements 
and the temperature of formation are interdependent. The 
varieties of minor and trace elements in ore sulphides depend 
on the available elements in a specific district or neigh-
bouring district and can substitute in the parent minerals 
from the fluid phase by solid solution, by adsorption or by 
incorporation as independent phases (Gani and Guillemin, 1964). 
The effect of adsorption might contribute an irregular dis-
tribution of these elements in the sulphide mineral assemblage. 
Substitution in sulphide minerals is dependent upon such fact-
ors as ion size, ionization potentials and electronegativity 
(Goldschmidt, 1954; Ahrens, 1952-1953; and Ringwood, 1955). 
However, s~lphides generally are bonded partly by ionic and 
partly by covalent linkages. Therefore simple ionic crystallo-
chemical arguments are not the complete explanation of the 
substitution processes. 
The major minerals which have been studied in the Peel-
wood district are pyrite, sphalerite and galena. From the 
evidence of its high mechanical strength pyrite is regarded 
as an excellent example of a mineral from the early history 
of sedimentary and hydrothermal origins. It is found to be 
4 
a widespread authigenic (i.e. formed or generated in place) 
constituent of sediments and sedimentary rocks. According 
to Doyle (1970) two iron sulphitles, pyrite and pyrrhotita 
(Fe 1_xS), are never primary minerals but they are the result 
of the transformation of mackinawite (tetragonal FeS) from 
precursors such as greigite (Fe 3s4). Berner (1970) proposed 
that the reaction of hydrogen sulphide with iron minerals to 
form iron monosulphides and the reaction of iron monosulphides 
with elemental sulphur were the principal stages in the process 
of formation of sedimentary pyrite. The principal factor limit-
ing pyrite formation was the availability of sulphate-reducing 
bacteria. Pyrite from sulphide ore deposits generally con-
tains appreciable amounts of cobalt and nickel. According to 
Carsten (1941-1942), pyrite of a sedimentary origin is character-
ised by containing less than 100 ppm cobalt and less cobalt 
than nickel. But according to Hegemann (1943) nickel and 
cobalt contents in sedimentary pyrite depend on the original 
y-· 
composition of the substance and are fairly constant • .a-n-d ror 
pyrite of magmatic and hydrothermal origin the contents of 
nickel and cobalt are variable and higher than for pyrite of 
sedimentary origin. Hegemann's generalization has been con-
firned by Campbell and Jarkovsky (1969). Copper has been 
detected in most samples of pyrite but it seems probable that 
most of it is present as admixed chalcopyrite or other copper 
minerals. 
The minor and trace element (iron, cadmium and manganese) 
contents of sphalerite have also been investigated as their 
5 
abundance and distribution might aid in the determination of 
the origin of the ore deposits. However because sulphide 
minerals are generally under-saturated with respect to these 
clements, their final concentration in the ore need not be 
quantitatively temperature-dependent. Due to the relative 
abundance of iron, the solubility of pyrrhotite in sphalerite 
can be used to explain the chemistry of the ore deposits in 
the district. Kullerud has synthesized sphalerite with varying 
amounts of iron: and found that manganese and cadmium can 
s ubstitute for zinc. The system ZnS-FeS, originally described 
by Kullerud (1953), has be2n debated in recent years by many 
researchers because of complicated relationships due to the 
polymorphism of pyrrhotite and the formation of additjonal 
compounds. According to Barton and Toulmin (1966), the relation 
of sphalerite compositions in equilibrium with pyrite may be 
useful in order to determine temperatures from the amount of 
pyrrhotite dissolved in the sphalerite lattice, if the fugacity 
of sulphur is known. The ZnS-FeS phase diagram may also be 
employed where FeS 2 is found in equilibrium with (Fe, Zn)S 
mixed crystals. The variation in FeS content in sphalerite, 
at constant temperature and pressure, reflects the fugacity 
of sulphur through the reactj_on: 
= FeS (in ZnS) + S -> Fes 2 (pyrite) + ze-
An ore depo s it may become chemically isolated from the surround-
ings and may react internally as a result of changing t emper-
ature and pressure. According to Friedman (1959) and Gammon 
(1966), during regional me tamorphism , pyrite is transformed 
6 
to pyrrhotite. The pyrrhotite:pyrite ratio increases in 
s ulphides as these deposits occur in progressively higher-
grade _m3 tamorphic rocks. 
From an analysis of many natural sphalerites, Togari 
(1961) concluded that chromaticity (colour) was affected both 
by iron and by the excess of sulphur over the total metal 
content. The presence of iron and manganese causes more in-
tense colour. However, it is not necessarily true that dark 
coloured sphalerite is rich in iron (Platonov and Marfunin, 
1968). Nickel (1965) noted that most reported analyses of 
natural sphalerite indicated a metal to sulphur metal mole 
ratio smaller than one. 
Galena is a commonly occuring ore mineral because lead 
is volatile and concentrated in the earth's crust, but it is 
restricted almost exclusively to sediments and hydrothermal 
ores. It is uncertain which elements will substitute for lead 
in the galena lattice as many elements may be present in 
associated minerals. Many studies of the minor and trace 
elements contents of galena have been reviewed by Fleischer 
(1955). Antimony, arsenic, bismuth and silver have all been 
observed in galena. Antimony and silver may be present in 
tetrahedrite [(Cu,Zn,Fe,Ag) 12 - Sb 4s13 ], and arsenic may be 
present as arsenopyrite (FeAsS) or sphalerite impurities. 
The fou:: mines in the Peelwood district are observed 
to have a sedimentary-volcanic environment from the presence 
of host rocks and gangue minerals (e.g. shales, mica and 
7 
chlorite). Subgroups being mentioned here will be detailed 
fully in Chapter 2. 
During periods of igneous activity volcanoes eject 
much fragmental material which accumulates and forms pyro-
wliic.h 
elastic rocks. Tuff.1tis composed of finer particles of vol-
canic ash and volcanic dust is present in the Peelwood 
district . The materials of wh~ch sedimentary rocks &re comp-
osed have been derived from weathering of some previously 
existing rock mass. Weathering includes both chemical de-
pc,sition and mechanical disintegration, and the end products 
consist of clay minerals, various soluble salts and grains 
of inert minerals (e.g. quartz). The mechanical sediments 
have been transported by streams into a body of water and 
deposited 1n layers . Shales are the important sedimentary 
rocks in the Peelwood district and are commonly gray in colour. 
They are composed chiefly of the clay minerals with quartz 
and mica. Calcite (CaC0 3) could be present with shales 
(e.g. c2a subgroup, see later). Dolomites haye formed by the 
alteration of calcite in which part of calcium is replaced by 
magnesium (e.g. subgroup c2a). · The fractures which traverse the 
shales are filled with mainly coarse pyrite, calcite, dolomite, 
chlorite and small amounts of sphalerite and galena. 
The micas have been derived from either an igneous or 
a sedimentary material and are the chief gangue minerals in 
the Peelwood samples. They are formed as replacements of 
earlier minerals as a result of hydrothermal alteration. 
8 
Chlorite schist is an important gangue mineral in sub-
groups JF 4a, JF 4b and c4 as metamorphic rocks. The schistose 
rocks are those which have undergone some chemical or physical 
change from igneous rocks rich in ferromagnesian minerals. 
The metamorphic process may completely alter the original 
features with the result that they are more stable under new 
conditions. Because of the pressure to which the rock is 
subjected the mineral particles recrystallize to form in 
parallel layers. The presence of lateral lamination in the 
rock which is easily broken is a unique texture of chlorite 
schist. Coarse suJphide mineral deposits occur in contact 
with chlorite and form in parallel layers with it as shown 
by the sample JF 4a or they may occur irregularly distributed 
1n the chlorite mineral as 1n the sample JF 4b. These samples 
show that the ore development occurs at the time of chlorite 
formation, the sphalerite tends to concentrate in this gangue 
mineral. According to Meyer and Hemley (1968), iron, Fe 2+ 
0 3+ 0 2+ 0 (0.75 A), Fe (0.64 A), substitutes for the Mg (0.66 A) 
of chlorites. The substitution of iron is higher adjacent to 
orebodies of hydrothermal origin and progressively lower away 
from the orebodies. 
Previous work in the geology and mineralization of the 
Peelwoo<l district is described by Stevens (1974) and Markham 
(1961). The Peelwood mine belongs to the Hill End Synclin-
orial Zone. This zone comprises sediments and volcanics of 
Ordovician to Middle Devonian age where it was folded strongly 
and metamorphosed. Late Silurian acid volcanism was widespre a d 
9 
1n the Peelwood area and is represented by Kangaloolah Volcanics. 
Large granitic bodies intruded during the Late Carboniferous. 
Stratiform and vein mineral deposits occur and are always 
directly associated with acid volcanics. Several occurrences 
of base-metal mineralisation are known in the Peelwood area. 
The ore bodies worked were narrow lenses of massive sulphides. 
The minerals are finegrained and compositional banding is 
common. The mines are situated in finegrained shales (quartz-
sericite-chlorite-phyllite) close to the contact with coarse 
acidic tuff. The mineralized bodies are arranged in a step-
wise or an echelon pattern probably formed by folding of the 
mineralized rock~. 
Most of the deposits associated with the acid volcanics 
are zinc-lead rich. The sulphide minerals consist mainly of 
pyrite, sphalerite and galena with minor chalcopyrite, arseno-
pyrite , t~trahedrite and tennantite. Textures and mineral 
assemblages typical of this type of ore are depicted in the 
photomicrographs by Markham (1961). 
Because of the inaccessibility of the workings, little 
precise information can be given as to average grade. However, 
the following data exist from the production of mine~ in the 
P elwood district: 
and Au 1 dwt/ton. 
Zn 25%, Pb 11%, Cu 3.5%, Ag 7-9 oz/ton 
Granite 
Granite 
Acid volcanics 
Andesites 
Granite 
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CHAPTER 2 
EXPERI ffi TTAL ME TH ODS 
A.R. grade chemicals and B grade volumetric flasks and 
pipettes were used throughout. 
2.1. PRELIMINARY MINERAL PREPARATION 
The rock samples were collected by Dr. McDonald of the 
Geology Department (S.G.S.). They were machined to remove the 
weathered surfaces,then polished and cleaned. 
2.1.a. MINERAL SAMPLE 
Seventeen samples were chosen to represent the Peelwood 
district, three samples from the Peelwood mine (PM), four 
samples from the John Fardy mine (JF), seven samples £rem the 
Cordillera mine (C) and three samples from the Mount Costigan 
mine (MC). The rock samples taken from these mines were di-
vided according to their visual appearance. Similar subscripts 
refer to similar ore types. 
Subgroups with subscripts la, lb, le represent the 
samples of massive mixed ore sulphides of sphalerite, galena 
and pyrite with progressively higher pyrite content. 
Subgroup with subscript ld represents the sample of 
massive mixed ore sulphides of chalcopyrite, sphalerite and 
galena. The fine-grained chalcopyrite is in fine-grained 
sphalerite and galena . 
Subgroup with subscript 2a represents the sample of 
intermediate mixed ore sulphides mainly galena and sulphosalts 
13 
in the white vein-type quartz gangue and the carbonate gangue. 
Subgroups with subscript 2b represents the sample 
similar to the subgroup with subscript 2a but without the 
carbonate gangue. 
Subgroups with subscript 3 and 3a represent the samples 
of one major massive ore sulphide (pyrite) which deposits with 
saccharoidal quartz. The coarse vuggy pyrite appears in the 
samples of the John Pardy mine and the Cordillera mine. The 
fine-grained pyrite appears in the sample of the Mount Cost-
. . igan mine. 
Subgroup with subscript 3b represents the sample of 
low content pyrite and vein cut1:ing foliation at low angle 
with saccroidal quartz . 
Subgroups with subscripts 4 and 4a represent the samples 
of coarse sphalerite in chlorite (Mg 3 (Si 4o10 )(0H) 2 - Mg 3 (0H) 6) 
schist . 
Subrroup with subscript 4b represents the sample of 
coarse sphalerite in chlorite schist and quartz which dis-
tribute irregularly. 
Each piece of rock of each subgroup was divided into 
two parts. Then one piece was broken in a Jaw crusher (van 
Gelder model, ~HP) before grinding in a chrome steel vessel to less 
than 300 mesh. These powder samples were then analysed by 
x-ray diffraction, x-ray fluorescence and atomic absorption 
spectroscopy. 
14 
A blank test for chromilm and iron was employed since 
some chromium and iron contamination from the chrome steel 
may have occurred during the gri~ding process. Samples cf 
sand (hardness= 7) were ground with a silica mortar and pest-
le, and with chrome steel and then analysed for chromium and 
iron by atomic absorption spectrophotometer. Samples were 
digested with acids as in procedure 2.3.a. The absolute 
chromium concentrations found varied from 200 ppm to 300 ppm. 
The absolute iron concentrations varied from 0.20% to 0.30%. 
Due to the high iron concentration in all samples for this 
work, the iron contamination is negligible. The analyses for 
the samples JF 4a and c4 , which were ground with a silica mortar 
and pestle, indicated the pre~ence of chromium with the con-
centration of 24 ppm and 43 ppm respectively (refer to Table 
2., Chapter 3.). Therefore, chromium is present in the samples 
as well as from contamination. Chromium and iron contamination 
1s a function of the hardness (Appendix 3.) of the complex 
minerals which are water insoluble. 
2.1.b. MINERAL SEPARATION AND CHOI(E OF SAMPLES 
The second piece of each subgroup was processed by 
mineral separation techniques to identify the distribution 
of the minor and trace elements among the major constitueLt 
minerals. The samples were first crushed with a silica mortar 
and pestle, then sieved through silk screens to separate 
according to mesh size (-72+100 mesh, -~00+150 mesh, - 1 50+200 
mesh). Quartz components were removed by floatation in tetra-
bromoethane (specific gravity 2.96). Then the remaining 
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sample was cleaned ultrasonically with water, ethanol and 
acetone. The samples were sieved again to eliminate the small 
grains and dried. Further hand-picking under a binocular 
microscope (x 80) improved the quality of the sample. 
Pyrite was separated from samples of the JF 3a' c3 , 
MC 3 subgroups and analysed by atomic absorption spectroscopy 
(AAS) which showed a high content of iron and small amo·1nts 
of lead and zinc. By comparison subgroup JF 3a- pyrite grains 
are coarser and more brass-like than c3 and MC 3 subgroups. 
Pyrite from size -100+135 mesh for JF 3a' -100+135 mesh for 
c3 and -135+170 mesh for MC 3 was separated by hand picking 
under a binocular microscope. 
Only the JF4 a subgroup was subjected to mineral sep-
aration by hand picking for sphalerite. The samples of the 
PMlb' c1 c and MC 1 a subgroups (-135+170 mesh) were processed 
as follows. After the removal of quartz from each sample it 
was cleaned and dried, and then a magnetic separator at 1 
ampere, 4 degree tilt was used to concentrate the sphalerite 
fraction. This fraction was embedded in iodide epoxy resin 
and then polished. By examining the grains of the samples 
under a polarizing microscope impurities from inclusions of 
chalcopyrite, galena and quartz in the fracture and aL the 
boundary were observed. These samples were analysed on an 
electron microprobe spectrometer, 
Galena, due to its fine-grain and softness (hardness= 
2~) was found in fractions -135+170 mesh and -170+200 mesh 
of PMlb' Cle and MC 1a subgroups and was observed under the 
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binocular microscope (x 160) to be associated with sphalerite. 
No further attempt was made for galena separation. 
Chalcopyrite was found to be associated closely with 
pyrite and galena. Hence no further separation was made. 
2.2. METHOD OF ORE ANALYSIS 
2.2.a. X-RAY DIFFRACTION 
The powder samples were mounted according to Mccreery 
(1949). The samples were analysed using a Philips PW 1010 
diffractometer fitted with a copper x-ray tube, and a nickel 
filter. It was operated at a current of 20 mA and a voltage 
of 40 kV. They were run from 5° to 60° of 20 values. The 
corres11onding d values for the 28 values were then obtained 
by using "table for conversion of x-ray diffraction angles to 
interplanar spacing". Identification of the minerals present 
was done by using the American Society for Testing Materials 
cards in the orders of relative intensity of the lines on the 
scale where the strongest line was taken as 100. 
2.2.b. X-RAY FLUORESCENCE 
Fluorescence measurements of Bi, Ni, Zn and Pb were 
made with a Philips PW 1220 spectrometer fitted with a moly-
bdenum x-ray tube, lithium fluoride (200) analyzing c~ystal 
and scintillation counter detector fitted with a fine collimator. 
The spectrometer was operated at a current of 32 mA and a volt-
age of 60 kV. The Ag, Sn and Mo fluorescences were detected 
and measured at a current of 24 mA and voltage of 70 kV with 
a tungsten x-r~y tube, fitted with a fine collimator. The 
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Cr, Co, Fe, Ti and V fluorescences were detected and measured 
in a vacuum at a current of 36 mA and a voltage of SO kV with 
a tungsten x-ray tube, a coarse collimator and flow detector. 
In each instance the angle, 28, was chosen according to A.S.T.M. 
specification depending on the spectrometer crystal. 
The samples were prepared according to the method of 
Norrish and Chappell (1967), 2.Sg pellet samples being em-
bedded in a boric acid disc with thP- sample surface exposed. 
The disc was about 5 cm2 . For each element, counts were 
accumulated for 200 sec. at the relevant Ka line, ~nd for 
100 sec. at each of two background positions at 28 ± 0.5°. 
The concentrations of the elements were calculated with 
respect to the standards HV-1, KC-1, MA-1, PR-1, MP-1, UM-1, 
UM-2, W-1, G-2, GSP-1, AGV-1, PCC-1, DTS-1, BCR-1 and JB-1. 
And also these standard concentrations were b~sed on "Pre-
ferred values for Interlaboratory Standard Rock Samples" by 
Kaye (1972), Abbey (1972) and Ando et al (1974). 
2.2.c. ATOMIC ABSORPTION SPECTROSCOPY (AAS) 
The Varian Techtron AA-5 atomic absorption spectro-
photometer was used with an air-acetylene flame to an~lyse for 
Bi, Cd, Co, Ni, Cu, Cr, Fe, Mn, Pb and Zn. The method of 
measuring elements is described by Walsh (1965), Beyer (1965) 
and Price (1972). The concentration of the element was cal-
culated f rom an absorbance versus concentration calibration 
curve. 
The primary standard solutions were prepared from 99.9 % 
18 
pure metal wire. Samples were washed with acetone, dilute HCl, 
then water, dried wi th a tissue and kept in desiccator until 
weighed. Approximately 1 g of the metal was weighed accurately 
and then dissolved in acid. Either 62.5 ml concentrated HNO~ 
~ 
or 83.3 ml concentrated HCl was used and then the solution 
was diluted to 1 litre with distilled water. These stock 
solutions containing a known concentration (approximately 1000 
ppm) of metal in 1 M acid, were stable for up to one year. 
Solutions of 250 ppm and 100 ppm were made by · further dilution 
of the stock solutions with 1 M HN0 3 . These standard solutions 
were further dilut~d to a 1 - 12 ppm range using either water, 
1 M HN0 3 , 30% ammonium acetate or 10% aqua regia to match the 
matrix of thE sample solutions. 
The sample preparation for rock analysis was modified 
from the method of Jeffery (1970). Half a gram of each of the 
dried rock samples was weighed into a 150 ml teflon beaker. A 
few drops of water to wet the powdered sample and 15 ml of 
concentrated HCl were added. The beaker was covered with a 
watchglass after the effervescence of (mainly) H2S gas had 
ceased and it was placed on a hot plate in the fume cupboard. 
Then 2 ml concentrated HN0 3 was added and the mixture evap-
orated ~o about 10 ml. The remaining residue, mostly silicate, 
was then dissolved by the addition of 10 ml of concentrated HF 
before eva?orating almost to dryness. The sample was diss-
olved in distilled water and the insoluble residue was sep-
arated by centrifugation. The water soluble part was transferred 
to a 50 ml volumetric flask and adjusted to 1 M HN0 3 with 
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3.1 ml of concentrated HN0 3 . The residue was transferred to 
a 50 ml volumetric flask with 25 ml of 30% ammonium acetate 
and 5 drops of 50% HCl and made up to the mark with distilled 
water~ Most of this residue (except free sulphur) dissolved 
with the solvent mixture. 
To study the water soluble constituents 1n the rock, 
100 ml of distilled water was added to 10 g of each sample for 
15 minutes. The samples were swirled thoroughly before filt-
ering through Whatman filter paper (No. 540). Polythene bottles 
were used to store these filtrates for atomic absorption 
spectroscopy analysis. The residue was washed with 5 ml ethanol 
and dried in the oven at 110°C for 1 hour and weighed. 
2.2.d. QUALITATIVE TESTS 
Standard qualitative tests for sulphate and chloride 
ions were made on the water soluble constituents of each sample 
and th8 pH measured prior to quantitative analysis, (from "a 
Text Book of Macro and Semimicro Qualitative Inorganic Analysis" 
by Vogel). 
2.2.e. ANALYSIS OF SULPHUR BY ZIMMERMANN'S METHOD 
The sample, 3-5 mg, was fused with 150 mg K 1n a sealed 
tube. Methanol was added drop by drop (after cutting the tube 
open) until the excess K had dissolved to form the alcoholate. 
H2 gas was passed into the solution, reacted with K2S, and 
swept the H2S produced into an absorption vessel containing 
Cd(OOCCH 3) 2 solution. The absorption vessel contents, 
Cd(OOCCH 3) 2 and CdS were run quantitatively into a titration 
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flask containing 2 ml of 10% KI, 8 ml of 0.02 N Na 2s 2o3 using 
a starch indicator (Zimmermann, 1943). The samples were 
analysed by the ANU Analytical Unit. 
2.3. METHOD OF MINERAL ANALYSIS 
2.3.a. ANALYSIS OF ELEMENTS USING ABSORPTION SPECTROPHOTOMETER 
Fifty milligram of each of the dried pyrite and sphal-
erite was weighed out into a teflon beaker covered with a 
watchglass. The addition of 10 ml of concentrated HN0 3 was 
added to achieve complete dissolution. The sample was later 
evaporated to almost dryness. The sample was dissolved in 
3 ml of 10% aqua regia and transferred to a 10 ml volumetric 
flask and made up ·to the mark with 10% aqua regia. 
2.3.b. ANALYSIS OF SULPHUR BY ZIM1v1ERMANN'S METHOD as de-
scribed in 2.2.e. 
2.3.c. ANALYSIS OF ELEMENTS USING ELECTRON MICROPROBE 
Microprobe analysis provides very useful data on the 
compositional variability of minerals, both within individual 
grains, and between different grains. The purpose is to 
determine the major elemental distribution and association of 
oth~r elements with a major sulphide ore. Concentration deter-
minations were most accurate for light elements below zirtc in 
the periodic table. The method of analysis is described by 
Stephens (1971) and Reed (1975). 
The flat surface chips of samples and metal standards 
were embedded in iodide epoxy resin. The dimensions of round 
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specimen mounts were 2-3 cm diameter and 1 cm depth. The polishing 
proce dure of Taylor and Radtke (1965) gave a minimum r e lief 
on minerals varyi ng widely in hardness. As it was necessary 
to provi de a path for the probe current to flow to earth, non-
conducting samples were coated with carbon. The electron -
for 
microprobe was used to analyseAFe, Cd, Mn, Cu, Ni, Co, Zn and 
Ag. 
In this work analysis of the elements using a Technische 
Physische Drenst (T.P.D.) electron-microprobe spectrometer 
has detection limits of not less than 700 ppm for Mn, not 
less than 800 ppm for Fe, not less than 900 ppm for Co, Ni, 
Cu and not less than 0.1% for Zn. 
Analyses of elements using an Applied Research Laboratory 
(A.R.L.) electron-microprobe spectrophotometer have detection 
limits of not less than SO ppm for Co and Ni, not less than 
200 ppm for Ag and not less than 100 ppm for Mn. 
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CHAPT ~R 3 
EXPERI ME NTAL RES UL TS 
PM= Peelwood mine 
JF = John Fardy rrine 
C = Cordillera mine 
MC= Mount Costigan mine 
Table 1. Identification of Minerals from X-Ray Diffraction 
Analysis. 
Mica c M 
Code ZnS PbS FeS 2 CuFes 2 a-Si0 2 (a group) caco 3 (cB 3f 2 Chlorite 
PMlb 
PMlc 
PMld 
JF3a 
JF3b 
JF4a 
JF4b 
cla 
clb 
Cle 
c2a 
c2b 
c3 
c4 
Mela 
MClb 
MC 3 
* 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+* 
+* 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+* 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+* 
+* 
+ 
+** 
+ 
+ 
+ 
+ 
--+*-
+* 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Be identified after removal of gangue minerals. 
+ 
+ 
+ 
+ 
** Be identified after r emoval of sphalerite using magnetic separator. 
Table 2. Weight of Samples (g). 
3 4 Original weight 
Code la lb le ld 2a 2b a b a b f r om sar_npling process 
PM 1 0 70 350 100 5000 
JF 2550 150 260 600 5500 
C 170 530 125 450 100 420 100 3500 
MC 170 860 1000 4000 
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Table 3. Distribution of Certain El ements and Elemental Ratios 
1n Rock Samples . 
%wt/ ppm PMlb PMlc PMld 
S** 30.37±0.6 31.50 ±0.63 26.75±0.53 
Zn* 35.76 ±0.36 38.00 ±0.56 14.82 ±0.14 
Pb* 21.20 ±0.14 21.70 ±0.60 17.55 ±0.20 
Fe* 8.49 ±0.13 8.80 ±0.13 14.05 ±0.07 
Cu* 1.19 ±0.04 0.355 ±0.005 15.15±0.16 
Cd* 2210 ±20 2060±10 930±10 
Mn* 268 ±3 228±2 90 ±2 
Ag 233 ±2.3 228 ±1.6 344 ±0.7 
Bi 57±2 71 ±3 124±5 
Sb 260 ±10 240±10 80±5 
Co* 3±0.1 9±0.5 1.5 
Ni 7±0.14 19 ±1 2 
V 45±1 7±0.1 60±1 
Sn 16±1 12±1 32±1 
Mo 36 ±1 42±1 40 ±1 
Cr 60 ±1 40±1 45±1 
Zn:Cd 162:1 184:1 159:1 
Zn:Mn 1334:1 1667:1 1647:1 
Mn: Cd 0.121:1 0.111:1 0.097:1 
Zn: Pb 1.69:1 1.75:1 0.84:1 
Ni:Co 2.33:1 2.11:1 1.33:1 
* 
** 
Analysis by atomi c absorption spectroscopy 
Analysis by Zimmermann's method 
Analysis by X-ray fluorescence 
ND Not detected 
Not analysed 
(contd. over) 
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Table 3. (Contd.) 
~w%' o pm JF3a JF3b JF4a JF4b 
S** 23.94 ±0.48 3.14 ±0.06 5.14±0.10 
/ 2.36 ±0.05 
Zn* 0.008 ±0.0001 0.011 ±0.003 11.18±0.2 2.53 ±0.00 7 
Pb* 0.012 ±0.0001 ND 1.09±0.09 1.07±0.06 
Fe* 21.15 ±0.12 2.81±0.15 2.04 ±0.05 1.59 ±0.08 
Cu* 0.01 ±0.001 0.015±0.001 0.025±0.005 0.018 ±0.002 
Cd* 4 ±0.2 ND 500±10 100 ±3 
Mn* 100 ±7 190±2 1300±15 700 ±8 
Ag 7±0.2 ND 22±0.8 27±0.3 
Bi 12±0.43 ND 35±1.1 49±2 
Sb 4±1 ND 28±3 14±3 
Co* 36±2 ND 5±0.25 11±1 
Ni 37±2 ND 5±0.25 9±1 
V ND 14±0.3 22±0.5 20±0.5 
Sn 8±0.2 6±0.1 10±0.2 ND 
Mo 12±0.2 4±0.1 ND 5±0.1 
Cr 400±8 857±17 24±0.5 169 ±3 
Zn:Cd 26:1 224:1 253:1 
Zn:Mn 0.8:1 0.6:1 86:1 36:1 
Mn:Cd 25.0:1 2.60:1 7. 0: 1 
Zn:Pb 0.68:1 10.26:1 2.48:1 
Ni:Co 1.03:1 1.00:1 0.82:1 
* Analysis by atomic absorption spectroscopy 
** Analysis by Zimmermann's method 
Analysis by X-ray fluorescence 
ND Not detected 
Not analysed 
(contd. over) 
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Table 3. (Contd.) 
%w76 ppm cla clb Cle 
S** 26.57 ±0.17 31.42 ±0.6 36.80±0.73 
Zn* 23.90 ±0.11 15.13±0.21 15.49±0.50 
Pb* 20.41 ±0.27 15.39±0.02 16.37±0.33 
Fe* 11.67 ±0.22 19.61±0.18 22.74±0.18 
Cu* 0.054±0.001 0.73±0.01 0.45±0.003 
Cd* 880±5 650±20 830±10 
Mn* 150±10 120±2 100±3 
Ag 220±1.1 216±1.1 210±0.2 
Bi 46±2 60±2.4 44±1.5 
Sb 460±23 3070±100 1850±90 
Co* 32±2 32±2 28±1 
Ni 47±2 46±2 40±2 
V 10±0.2 7±0.1 9±0.2 
Sn ND 40±1 22±0.5 
Mo 53±1 54±1 36±1 
Cr 98±2 120±2.4 96±2 
Zn:Cd 272:1 235:1 187:1 
Zn:Mn 1593:1 1261:1 1515:1 
Mn:Cd 0.170:1 0.185:1 0.120:1 
Zn:Pb 1.17:1 0.98:1 0.95:1 
Ni:Co 1.47:1 1.44:1 1.43:1 
* 
** 
Analysis by atomic absorption spectroscopy 
hnalysis by Zimmermann's method 
Analysi s by X-ray fluorescence 
ND Not detected 
Not analysed 
(contd. over) 
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Table 3. (Contd.) 
%w5t ppm c2a c2b C3 C4 
S** 1.76±0.035 5.50±0.11 25.88±0.31 0. 2 
Zn* 0.708±0.008 0.98±0.005 0.74±0.011 0.16±0.02 
Pb* 0.59±0.03 0.295±0.01 0.64±0.03 0.14±0.03 
Fe* 1.13±0.10 2.66±0.15 22.38±0.18 3.18±0.1 
Cu* 0.47±0.012 2.27±0.1 0.15±0.004 0.19±0.01 
Cd* 20±1 39±2 26±1 ND 
Mn* 3420±30 3500±45 30±3 300±10 
Ag 24±0.54 50±0.7 40±0.53 0.3 
Bi 15±2 15±1 5±1 0.1 
Sb 614±30 2240±90 82±4 3±0.15 
Co* 16±1 14±1 28±1 7±0.4 
Ni 17±1 15±1 33±1.6 11±0.6 
V ND 5±0.1 5±0.1 99±'.; 
Sn 8±0.1 18±0.4 8±0.1 0.6 
Mo 6±0.1 19±0.5 29±0.6 ND 
Cr 53±1 171±3.4 363±7 43±1 
Zn:Cd 354:1 252:1 285:1 
Zn :Mn 2:1 3:1 247:1 5:1 
Mn:Cd 171.00:1 89.74:1 1.15:1 
Zn:Pb 1.2:1 3.3:1 1.16:1 1.14:1 
Ni:Co 1.06:1 1.07:1 1.18:1 1.57:1 
* Analysis by atomic absorption spectroscopy 
** Analysis by Zimmermann's method 
Analysis by X-ray fluorescence 
ND Not detected 
Not analysed 
(contd. over) 
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Table 3: (Contd.) 
%w_% ppm Mela MClb 
MC 3 
S** 27.50 ±0.55 31.46±0.63 33.53 ±0 .67 
Zn* 40.77 ±0.5 33.00±0.3 0.72 ±0.05 
Pb* 25.00 ±0.17 18.53±0.5 2.46 ±0.1 
Fe* 4.40 ±0.15 12.60 ±0.1 26.20 ±0.4 
Cu* 0.16 ±0 .00l 0.025±0.001 0.15 ±0 .006 
Cd* 1170 ±50 930±10 17 ±1 
Mn* 410 ±1 0 580 ±2 0 76 ±6 
Ag 392±3 355 ±0.6 152 ±1.1 
Bi ND 96±1 333 ±5.6 
Sb 1250 ±60 650±30 1270±50 
Co* ND 23 ±1 50 ±1 
Ni ND 24±1 40±1 
V 2 12±0.1 46±1 
Sn 38 ±0.8 50±1 30±0.6 
Mo 14 ±0.3 16±0.5 37±1 
Cr 25±0.5 57±1 165±3 
Zn:Cd 349:1 355:1 423:1 
Zn:Mn 994:1 569:1 95:1 
Mn: Cd 0.35:1 0.62:1 4.47:1 
Zn:Pb 1.63:1 1.78:1 0.29:1 
Ni:Co 1.04:1 0.80:1 
* 
** 
Analysis by atomic absorption spectroscopy 
Analysis by Zimmermann ' s method 
Analysis by X-ray fluorescence 
ND Not detected 
Not analysed 
Table 4. Analysis of Water Soluble Components in Rock Samples. 
Sample Qualitative Quantitative 
-
9.: ~ ppm ppm pH so- Cl 0 0 4 soluble Fe Zn Cd 
--
PMld 4 + + 3.30 ±0.17 1.37±0.07 650±32 20 ±1 
JF3a 2 + - 13.30±0.7 2.76±0.2 22±1 0.5 ±0.02 
Cle 7 + - 0.68±0.03 ND 410±20 ND 
C3 2 + - 12.20±0.5 2.50±0.12 5700±50 20±1 
MClb 7 + + 2.00±0.1 0.014±0.001 460±23 ND 
MC 3 4 + - 3.50±0.2 0.650±0.03 1400±35 2±0.1 
~ 
ppm ppm 
Mn Cu 
6±0.3 ND 
14±0.7 17 ±0.8 
2±0.1 ND 
13±0.8 740±20 
4±0.5 ND 
8±0.4 186±9 
ppm 
Cr 
ND 
185 ±9 
ND 
130 ±6 
ND 
ND 
N 
co 
Ta ble 5. Avera ge Elemental Concentration of Pyrite 
Zimmermann and A.A.S. Analyses 
I 
El emen t JF 3a c3 
%w~ % mol e %w~ % mo l e 
I m I m 
s 54. 20 ±1.6 66.974 53.60 ±1.6 66.798 
Fe 46.50 ±0.9 32.984 46.10 ±0.8 32.982 
Co 42 ±2 0.003 40 ±2 0.003 
Ni 50 ±2.5 0.003 49±2.5 0.003 
Cu 245 ±10 0.015 1360±40 0.085 
Zn 2 50 ±10 0.016 600±20 0.037 
Pb 200 ±8 0.004 4600 ±60 0.089 
Ag 20 ±1 0.0007 60 ±3 0.002 
Cd,Mn ND - ND -
Cr,V ND - ND -
Ni :Co 1.19:1 1:1 1 . 2 : 1 1:1 
MC3 
%w~ 
. 1-'pm 
53.70 ±1.1 
46.13 ±1.0 
60 ±3 
60 ±3 
1600 ±60 
400 ±20 
'v50 ±2 
+ 
ND 
ND 
1:1 
(contd. over) 
% mo l e 
66.884 
32.983 
0.004 
0.004 
0.100 
0.024 
0.009 
-
-
-
1:1 
N 
I..O 
Table 5. (Contd.) 
PMlb ' 
Element %w>tSpm % mole 
s 54.53 ±0 .2 66.878 
Fe 45 . 97±0 .2 32.970 
Co ND -
Ni 274 ±30 0.019 
Cu 2100±300 0.132 
Zn ND -
Pb - -
Ag - -
Cd,Mn ND -
Cr,V - -
Ni :Co - -
Microprobe Analysis 
JF3a I 
.%w.>f5J pm % mole %w~ pm 
53.87 ±0 .16 67.152 53.05 ±0.65 
45.86±0.22 32.818 46.64 ±0.13 
ND - ND 
124±12 0.008 90±9 
350±20 0.022 2000±250 
ND - ND 
- - -
- - -
ND - ND 
- - -
- - -
C3 MC 3 
% mole %w.>pp pm 
66.370 53.6 6±0 .11 
33.479 46.27 ±0 .1 
- ND 
0.006 120 ±12 
0.126 ND 
- 525± 
- -
- -
- ND 
- -
- -
% mole 
66 . 863 
33.09 7 
-
0.008 
-
0.032 
-
-
-
-
-
v,1 
0 
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Table 6. Microprobe Analysis for Pyrite. 
Sample ~ 0 wt element area 1 area 2 area 3 area 4 
PMlb s 53.74 53.50 53.43 53.43 
Fe 46.14 45.97 46.04 45.71 
Cu 0.16 0.20 0.24 0.24 
M/S wt. ratio 0.862 0.864 0.867 0.861 
M/S mole ratio 0.494 0.495 0.497 0.494 
JF3a s 54.10 53.87 53.80 53.71 
Fe 46.08 45.87 45.84 45.66 
Cu ND 0.14 ND ND 
M/S wt. ratio 0.852 0.854 0.852 0.850 
M/S mole ratio 0.489 0.490 0.489 0.488 
C3 s 52.89 52.80 53.70 52.80 
Fe 46.77 46.57 46.05 47.18 
Cu 0.27 0.29 0.23 ND 
M/S wt. ratio 0.889 0.888 0.862 0.894 
M/S mole ratio 0.510 0.509 0.494 0.513 
MC 3 s 53.77 53.50 53.65 53.70 
Fe 46.22 46.20 46.34 46.30 
Zn ND 0.21 ND ND 
M/S wt. ratio 0.860 ().867 0.864 0.862 
M/S mole ratio 0.493 0.498 0.496 0.495 
M/S = Metal/Sulphur 
--
l 
Table 7. Average Elemental Concentration of Sphalerite. 
Element 
s 
Zn 
Fe 
Cd 
Mn 
Pb 
Cu 
Ag 
Bi 
Co 
Ni 
Cd+Mn+Fe 
Cd : Mn 
Zn:Cd 
Zn:Mn 
Zn : (Cd+Mn) 
Zimmermann an 
A . A.S . Analyses 
JF4a PMlb 
% mole 
~W>p'pm --~--t-~~- Yppm %wx 
%mole 
32.84 ±0.7 49.75 32.8 
63.70 ±1.20 47.33 63.3 
3.09 ±0.09 2.69 3.2 
3000±150 0.13 230 
1066 ±50 0.09 38 
100±5 0.002 
ND 
ND 
ND 
ND 
ND 
3.496 2.91 3 
2.81:1 1.44:1 6.0 
212:1 364:1 27 
597:1 526:1 166 
157:1 527:1 23 
2±0.43 1 49.85 
1±0.85 47.16 
7±0.84 2.85 
0±100 0.10 
0±20 0.04 
- -
~. i) 
• 'I -
ND -
- -
- -
- -
.538 2.99 
5:1 2. 5 : 1 
5:1 471:1 
6:1 1179:1 
6:1 337:1 
----
Mi croprobe Analyses 
JF4a Cle 
7aW>"fu ppm % mole %wX, ppm % mole 
32.92±0.15 49.78 32.82±0.19 49 .53 
63.62±0.13 47.18 61.01±0.59 45.15 
3.28 ±0.14 2.85 6.00 ±0.22 5.20 
1700±80 0.07 1600 ±50 0.07 
1300±200 0.12 260 ±J..3 0.02 
- - - -
ND - 375 ±19 0.03 
ND - ND -
- - - -
- - - -
- - - -
3.58 3.04 6.168 5.29 
1.26:1 0.58:1 6.15:1 3.5:1 
374:1 674:1 381:1 645;1 
489:1 393:1 2346:1 2257:1 
212:1 248:1 328:1 501:1 
-
MCla 
%wXJ pm % mol e 
32.99 ±0 . 21 49 . 73 
61.96 ±0.24 45.81 
5.06 ±0.1 4 .3 8 
520 ±26 0.02 
670 ±33 0.06 
- -
ND -
ND -
- -
- -
- -
5.179 4.46 
0.78:1 0.33:1 
1191:1 2290:1 
925:1 763:1 
520:1 572 : 1 
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Table 8. Microprobe Analysis for Sphalerite. 
Sample % wt area 1 area 2 ,area 3 area 4 
PMlb s 32.99 32.87 32.39 33.07 
Zn 62.61 63.13 63.46 64.16 
Fe 4.11 3.70 2.80 2.47 
M/S wt. ratio 2.041 2.051 2.064 2.033 
M/S mole ratio 1.006 1.010 1.015 0.999 
JF4a s 32.88 32.86 33.07 33.00 
Zn 63.75 63.72 63.60 63.65 
Fe 3.42 3.34 3.18 3.20 
Mn ·O. 16 0.11 0.14 0.13 
M/S wt. ratio 2.057 2.053 2.033 2.039 
M/S mole ratio 1.015 1.013 1.002 1.006 
Cle s 32.72 32.81 33.01 32.84 
Zn 61.30 61.60 60.62 60.54 
Fe 5. 9 5 5.63 6.20 6.22 
Cu 0.15 ND ND ND 
M/S wt. ratio 2.065 2.055 2.030 2.038 
M/S mole ratio 1.026 1.021 1.009 1.014 
MCla s 33.08 33.00 33.20 32.70 
Zn 61.75 61.98 61.90 62.20 
Fe 5 .10 4.98 5.16 5.00 
Mn ND ND ND 0.09 
M/S wt. ratio 2.024 2.033 2.023 2.059 
M/S mole ratio 1.005 1.009 1.005 1.022 
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Table 9. Microprobe Analysis for Chalc opyrite . 
Sample % wt area 1 ar ea 2 area 3 area 4 
PMld s 34.66 34.22 34.45 34.36 
Fe 31.20 31.13 31.20 31.21 
Cu 34.35 34.05 34.50 34.41 
M/S wt. ratio 1.891 1.905 1.907 1.909 
M/S mole ratio l.C,17 1.024 1.026 1.027 
C2b s 34.32 34.26 34.14 34.60 
Fe 31.30 31.38 31.00 31.30 
Cu 34.33 34.46 34.72 34.60 
M/S wt. ratio 1.912 ,l.922 1.925 1.905 
M/S mole -ratio 1.028 1.033 1.034 1.024 
Table 10. Microprobe Analysis for Galena. 
PMld JF3a czb 
---
~ 0 s 13.20 ±0.50 13.40 ±0.50 13.60 ±0.50 
% Pb 86.60 ±0.60 86.70±0.40 86.20 ±0.50 
(ppm)Ag 240 ±50 270±50 260±50 
M/S wt . ratio 6.56 6.47 6.34 
M/S mole ratio 1.015 1.002 0.980 
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CHAPTER 4 
DISCUSSION 
Fr0m x-ray diffraction analysis the primary sulphide 
minerals were found to be sphalerite, pyrite, galena and 
chalcopyrite. Interpretation of the mode of substitution 
of minor and trace elements will be based on the crystal 
chemistry (i.e: the site size, the vacancies and the bond-
type) of the major minerals present (Pauling, 1960; Wells, 
1962; Gehman, 1963) as well as the values for ionic radii 
(Ahrens, 1952). These sulphides are bonded partly by 
ionic and partly by covalent bonds. In all, twelve minor 
to trace elements have been determined for seventeen dif-
ferent rock types in the deposit. 
Before extending the discussion of the minor and trace 
minerals, it is appropriate to consider the crystal arrange-
ments of the major minerals. A few photographs taken from 
Gehman (1963) are shown on page 38. Pyrite and galena have 
a cubic structure of the sodium chloride type, in which sulphur 
atoms occupy cubic closest packed pl anes (given the symbol P) 
and metal atoms distribute over the planes of octahedral 
sites (given the symbol 0). The general pattern could be 
represented as POPOPO (see Gehman, 1963). Therefore vacant 
tetrahedral sites are available ~n pyrite and galena. 
Sphalerite also has the sodium chloride structure in which 
sulphur atoms occupy cubic closest packed planes and zinc 
atoms occupy half the tetrahedral site planes (given the 
symbol T). The general pattern is represented as PTPTPT. 
Chalcopyrite has a structure closely related to sphaleri te , 
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with the copper and iron atoms in the zinc positions of 
sphalerite (Pauling, 1960; Wells, 1962). Half the tetrahedral 
and octahedral sites are unoccupied for both sphalerite and 
chalcopyrite. 
The known examples of minor and trace minerals of a 
similar type to these major minerals are, Cos 2 and NiS 2 
which have the pyrite structure and MnS, CdS and AgFeS 2 which 
have the sphalerite structure. 
The nickel arsenide structure 1s a hexagonal closest 
packed analogue of the sodium chloride structure. The 
arsenic and nickel atoms occupy hexagonal closest packed 
planes and octahedral sites respectively. The minerals CoS 
and Ni;, have this crystal structure. 
Iron-sulphur compounds of the low-temperature system 
have been discussed fully by Power and Fine (1976). Troilite 
(FeS) has a NiAs structure while the intermediate pyrrhotites 
(Fe 11s 12 , Fe 9s 10 ) have been less clearly defined being inter-
preted as either hexagonal, orthorhombic or orthorhombic 
with pseudo-hexagonal symmetries . For all sulphides mentioned 
above, iron atoms are in the octahedral interstices and sulphur 
atoms are in the hexagonal cJosest packed planes. Troilite 
is not present in the ore assemblages studied, theref)re it 
will not be discussed further. Iron in the sphalerite from 
Peelwood may be attributed to the presence of pyrrhotite and 
perhaps pyrite as both are compatible in vacant sphalerite 
lattices. 
3 7 
In the photoV,raphs, large spheres represent ions 
occupy ing cubic and hexagonal closest racked planes , whilst 
me dium spheres represent ions occupying octahedral sites and 
small spheres represent ions at tetrahedral sites . 
st 
ana 
TETRAHEDRAL 
l TERstlTlAL.S 
OCTAHEDRAL 
t NTERSTITlALS 
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Closest packed double layer: 
IOPLANE 
• 
Closest packed double layer: 
.,, 
• 
top view. 
edge on view. 
The Na Cl structure. 
The (zincblende) ZnS structure. 
The NiAs structure. 
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4.1 MAJOR SULPHIDE MINERALS AND TIIEIR CHE1ISTRY 
4.1.1 PYRITE 
Pyrite appears as the most abundant metallic mineral in 
each deposit throughout all stages of mineralization in the 
John Fardy, Cordillera and Mount Costigan mines (Table 1, .p. 22) 
These ores which contain both pyrite-rich saccroidal quartz 
(subgroup 3) as well as complex orebodies(subgroup 1) are 
distinctly more pyritic than the Peelwood mine ores which contain 
only the complex orebodies. This is based on the weight of each 
subgroup in the preliminary samples. The content of sub-
group 3 is greater than other subgroups (Table 2). The falling 
content of minerals, especially pyrite, of the subgroup c2a 
with the presence of carbonate gangue, is an important aspect 
of mineralization (Table 1 and 3). Frequently carbonate minerals 
attract sulphides to deposit in contact with shales. According 
to Stanton (1960), where the carbonate is bedded, sulphides 
may occur within it and where it appears to be massive they do 
not occur. The available permeable pores in shales for 
carbonates and sulphides to deposit are limited. These deposits 
would give a lower content of sulphides than subgroup 3. The 
medium-grained size of pyrite is observed in gangue-rich 
minerals whilst fine grains ~re observed for the sphalerite 
rich zone of massive sulphides . Only medium-grained pyrite 
deposits, which aggregate with quartz and shales, contain 
small amounts of impurity from inclusions (Table 5, p.29).The cu~ic 
pyrite was sampled and identified by the hand picking method 
when pyrite is predominant. In massive ore sulphides pyrite 
crystals are distorted from the cubic structure as a result 
of interaction, ith chalcopyrite and other minerals (eg. as 
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observed 1n the sample PM 1b). 
The <letcrmination of nickel and cobalt contents in rocks 
and pyrite samples can be used to understand the conditions 
of pyrite deposition . The proportion by weight of cobalt and 
nickel in rocks is varied as a result of the presence of the 
original composition of the substance 1n that area. From Table 3 
(p . 23), analysis of nickel and cobalt has shown that nickel 
has a higher concentration than cobalt (i.e: the ratios of 
nickel to cobalt higher than one) in 12 out of a total of 17 
samples. All the rock samples contained less nickel than the 
average crustal abundance(75 ppm , taken from Mason , 1966) and 
6 out of a total of 15 rock samples contained higher cobalt than 
the average crustal abundance (23 ppm) . Due to the analogous 
crystal structure of Cos 2 with pyrite and NiS 2 with pyrite; the 
. ·1 . f N. Z+ 2+ d 2+( . . d". 0 72 0 74 sim1 ar size o 1 , Co an Fe 1onic ra 11 = • , • , 
0 
0 . 76 A respectively) and the identical electrical charge of 
these ions limited quantities of nickel and cobalt are expected 
to enter the vacant sites or substitute for iron in the pyrite 
lattice. Also CoS and NiS have the nickel arsenide structure 
analogue of the sodium chloride structure . They could go into 
the pyrite lattice also. The somewhat smaller radius of nickel 
may allow it to substitute more readily into the iron lattice 
than cobalt. Determination 0f the concentration of nickel and 
cobalt in various pyrites by AAS, given in Table S (p. 29), confirms 
that the nickel content (of the subgroupsJF 3a,c 3 ,MC 3) is uniform 
and greater than the cobalt content. This is characteristic 
of the Peelwood pyrite. The nickel and cobalt contents will 
depend on the existing amount in this district. Electron 
microp~obe analysis sho, ed no appreciable cobalt content 
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(de~ection limit 50 ppm) despite the presence of nickel. 
Beth methods of analysis support the prediction of a nickel 
content in excess of that of cobalt for pyrite with a sedi-
mentary origin (see Chapter 1, page 4) . 
Pyrite and galena have the same crystal arrangement and 
1 l d . . h . F 2+ .. 2+ ga ena cou . associate wit pyrite . e ana Zn have 
0 
identical radii(0 . 74 A) and the zinc atoms of sphalerite occupy 
tetrahedral sites . Hence zinc could be accommodated in vacant 
tetrahedral sites in pyrite. These suggestions are confirmed 
by the presence of zinc and also of lead in the samples of 
pyrite analysed (Table 5). Besides that, other ions, for 
2+ ~+ + 2+ 2+ 
example Mn , Cd , Ag , Cu , Fe whose sulphide ccmpounds 
(eg. MnS , CdS, CuFes 2 and AgFeS 2) have structures closely 
related to sphalerite , are all perhaps capable of entering 
into pyrite . AAS analysis of the various pyrites (Table 5) 
disclosed the presence of copper and silver . On the other 
hand cadmium and manganese were not found in the samples 
analysed. 
A small amount of copper occurred as a microscopic 
impurity either by being intersticed in the fracture of pyrite 
or replacing pyrite with chalcopyrite and copper minerals. 
Copper was detected in pyrite of subgroup MC 3 by. AAS analysis 
at a concentration of 1600 ppm, but it was less than the 
detection limit (900 ppm) by electron microprobe analysis 
in a few selected regions from one specimen. So it may well 
have been concentrated at the boundary of pyrite grains. It 
could be concluded then, that the copper tended to go in the 
available intersticial space heterogeneously as a trace element. 
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4.1 . 2 SPHALERITE 
Sphalerite was one of the predominant minerals and in 
the massive mixed ore was fine-grained and dark reddish-
brown . Coarse sphalerite was found within the chlorite schist 
of subgroups JF 4a and JF 4b . The progressive increase in the 
massive sphalerite with chlorite of the sample JF 4a may be 
explained by separation of mineral phases during metamorphism. 
The mineral fabrics were parallel to the direction of gangue 
mineral. Alternating zinc-rich and zinc-deficient regions 
cause a distinctive texture . This texture is exhibited by 
the pyrite-sphaler~te in the orebody, 
Sphalerite commonly replaces pyrite and is partially replaced 
by gal3na in solid solution due to their similar crystal 
systems . It was evident by the presence of small amount of 
zinc in the pyrite samples and lead in the sphalerite sample 
(Table 5 and 7, p . 29 and 32) . Sphalerite grains which may 
be cubic occur more commonly as . a highly distorted isometric 
system (usually form in rounded aggregates) . 
The minor element content of sphalerite was investigat jd 
in order to provide an indication of the origin of the ore depo-
sits . The zinc minerals have a tendency to form both a 4-coor-
dinated lattice and a 6-coordinated lattice, but sphalerite prefers 
tetrahedral coordination which is formed at low temperatures. In 
Zn 2+ the 3d-electron level is filled while in Mn 2+ it is half-
fill 0 d. Thus for \ eak crystal fields both ions 
should resemble each other to some extent in their crystallo-
chemical beha iour. Cadmium is a congener of zinc in the 
periodic table and like the latter element is bivalent in 
its compounds and salts . In nature cadmium has a strong 
cha cophile tend ncy and 1s generally concentrated in 
43 
sulphides ( if s ulphur is available). In addition CdS, MnS 
have the sphaleritc structur0 in which the metal-sulphur bond-
ing is approximately 50% ionic and 50% covalent in character 
(Pauling, 1960). Cadmium and manganese are capable of eilter-
ing the vacant tetrahedral sites in sphalerite. Pyrrhotite 
(approximately FeS) has a nickel arsenide superstructure and 
pyrite has a sodium chloride structure with iron in octahedra l 
sites. The octahedral sites of sphalerite can also be occupied 
by iron. Cadmium , manganese and iron are present in the ini-
tial mineral forming fluid and retain the original relative 
composition during the deposition. Iron is one of the abundant 
maJor elements in the earth's crust (5%) and manganese J.s a 
minor element with average crustal abundace of 1000 ppm. Cadmium 
concentration is 0.2 ppm as trace element. According to 
Fleischer (1955), cadmium is found in practically all chemical 
and spectrographic analyses of sphalerite. The Peelwood district 
sphalerites were evidently no exception. The order of cadmium 
content in sphaleri te was PM1b> JF 4a~ c1c > ~Cla from electron 
microprobe analysis. From the rock analysis (Fig. 10) the order 
of cadmium/zinc ratios was very similar, i.e. :PM>JF~C> MC . 
The concentration of cadmium varied from Oto 2210 ppm for 
samples from the whole district. The order of manganese content 
in sphaleri t e was JF 4a> MC 1a> PMlb > c1c from electron microprobe 
analysis . The rock analysis indicated that ma11ganese concentra-
tion o c2a and c2b subgroups was 3 . 5 times higher than the 
average crust~l abundance , and of JF 4a subgroup was 1300 ppm. 
(Other subgroup- contained manganese less than 700 ppm .) 
The concentration of iron in sphalerite is a function 
of the sulphur-fugacity and the temperature of formation , 
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as the concentration of iron increases in proportion with 
these functions. The content of iron in sphalerite in the 
Peelwood district was low, and varied from 3 to 6% by 
weight (Table 7, page 32), hence iron should be considered 
a major element in this assemblage. The order of iron content 
was PM1b~ JF 4a< MS 1a< c1c. Also the similar order of FeS 
content was PM1b~JF 4a (4.40% mole)<MC 1a(6.90% mole)< Cle 
(8.20% mole). According to the Barton and Toulmin (1966) phase 
diagram, the ore deposits in this district were formed at low 
temperature and the relat~ve temperature of formation of the 
Cordillera ore deposits was slightly higher than the others. 
On the other hand, if the temperature of formation and the 
sulphtr-fugacity of massive sulphides 1n the Peelwood district 
were the same the concentration of iron in sphalerite should 
be almost constant. Possibly the amounts of iron in 
sphalerite were re-equilibrated by internal reactions with 
excess sulphide ions to form pyrite or vice versa under pres-
sure and temperature at a more recent time. Metamorphism may 
cause mineralogical changes, (McDonald, 1967). It is obvic,us 
that iron can substitute more readily than cadmium and 
manganese for zinc. The Cordillera m1na sphalerite 
was found to be an indicator of the ability of minor 
elements to enter the sphalerite structure. Also, 
it is equ~11y probable for these elements to enter the 
sph~leritc sites, though the local concentration would limit 
this, giving rise to the differing elemental concentrations. From 
Table 8(p.33),all but one of the sphalerite samples indicated 
a metal to sulphur mole ratio greater than one; that is they 
appeared sulphur-deficient. Precise analyses by Pankratz 
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and King (1965) of synthetic sphalerite (both pure and iron 
doped) gave (Fe+Zn)/S mole ratio of less than unity; that is 
they appeared zinc-deficient. According to Kullerud and Yoder 
(1959), chemical analyses are not sufficiently accurate to 
conclude the presence of metal or sulphur deficient sphalerite 
and no conclusion could be drawn here. 
4.1.3 GALENA 
Galena is the main interstitial sulphide mineral filling 
the pores of the host rock and also forming irregular fine-
grained aggregates in sphalerite-rich ore. A few pLismatic 
galena crystals were observed in the sample JF 4a during the 
hand-picking process to separate sphalerite. The growth of 
galena might occur from the rec1·ystallization of the mineral 
and deposits within chlorite. 
From Table 3 (p. 23), the ratios of zinc to lead are 1.68:1, 
1.76:1 artd 0.84:1 for the samples PMlb' PM 1c and PM1d res-
pectively. The ratios of zinc to lead of the John Fardy 
samples were extremely varied with a range; 0.68:1,10.26:1 
and 2.43:1 for the samples JF 3a' JF 4a' JF 4b respectively. 
The ratios for 6 out of a total of 7 Cordillera samples 
varied from 0.95:1 to 1.2:1, whilst c2b subgroup had a ratio 
of 3 . 3:1. And the ratios of zinc to lead for the samples 
MCla' IC 1b and MC 3 were 1.63:1, 1.78:1, 0.29:1 respectively. 
The variation of these ratios might have resulted from the 
possible immiscibility within orebodies to give the zinc-rich 
and zinc-deficient textures. For example , sample Pi1 1d contained 
a high concentration of chalcopyrite which was distinguishable fro m 
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the samples P 11b and PMlc ' and contained a low zinc:lead 
ratio. Sample c2balso contained chalcopyrite, but had a high 
zinc:lead ratio. Zinc and lead in pyrite samples JF 3a and 
JF 3b were present only in trace amounts. Sulphide deposits 
in contact with metamorphic rock (chlorite), for example the 
samples JF 4a and JF 4b, seem to be scavengers for sphalerite 
in preference to galena. However, the ratios of zinc to 
lead in the Peelwood district indicated a higher concentra-
tion of zinc than that of lead in 12 out of a total of 16 
samples. Meanwhile the 5 ore samples contained a greater 
proportion of lead than zinc. The distribution of zinc to 
lead for the Captains Flat massive sulphide samples was 
reported by Edwards (1953),who observed a variation from 1.2:1 
on the upper levels to 2.0:1 on the lower levels. Some 
samples from the Peelwood district had similar ratios of 
zinc and lead; some did not. During fractionation of a 
hydrothermal solution, galena preferentially deposits with 
the cooler part of the ore-bodies. The general pattern 
of zinc-lead metal ratios showed thP- proportion of zinc 
to exceed lead in the New South Wales Silurian province 
(Stevens, 1974). The majority of the Peelwood district ore 
samples indicated· a similar pattern. 
Silver minerals ,hich have the same crystal arrangement 
as galena are capable of entering analogous tetrahedral site~ 
in galena. From Table 10, it is eviden~ that the concentration 
of silver in galena was uniform for all amples analysed. 
Bismuth is also expected to enter galena sites. Due to the 
limit of detection (520 ppm) available from microprobe 
analysis, it was n°cessary to emp]oy the correlation between 
47 
bismuth to lead in order to establish the occurrence of bismuth. 
Further detail is given in sect. 4.2.11 . 
4.1.4 CHALCOPYRITE 
Chalcopyrite is the most widely occurr1ng copper 
mineral and one of the most important sources of copper. Also, 
it is the principal primary copper mineral in the Peelwood 
district, (Markham, 1961). Chalcopyrite is the principal 
copper source for the secondary minerals, malachite (Cu 2co3 (OH) 2), 
azurite(Cu 3 (co 3) 2 (0H) 2) ,covellite (CuS) and chalcocite (Cu 2S). 
These secondary minerals were identified ~n the supergene 
enrichment of the Cordillera mine sample by x-ray diffraction 
(and also by Markham, 1961, for the Peelwood district samples). 
Concentration of copper in the ~one of supergene enrichment 
is often the result of dissolved copper being subsequently 
deposited. From the records of the working of the Mount 
Costigan mine, copper was obtained from mine waters from 
1916 to 1928. Copper is known to have a strong affinity 
for sulphur; as copper-bearing solutions move into a reduc-
ing enviror1ment they react with the sulphides present, 
coating them with or replacing them by secondary copper 
minerals chiefly copper sulphides. Frequently secondary 
copper minerals deposit in a sep&rate zone. AccordiLg to 
Krauskopf (1967), the occurrence of covellite and chalcocite 
probably proceeds as follow: 
2+ 
-> 2+ CuFe~? + Cu 2CuS + Fe 
12H 20 7Cu 2S + 
2+ 2- 24H 14Cu + SFeS 2 + -> SFe + 3S0 4 + 2+ 5Zn 2++S0 2- 8H+ 8Cu + SZnS + 4H 20 -> 4Cu 2S + + C 2+ 2+ 4 u + ZnS -> CuS + Zn 
+ 
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Reactions such as these would naturally remove copper 
ions from solution , and tend to enrich it with zinc and 
ferrous/ferric sulphates . These exchange reactions would 
also give an eJplanation for the transforming of water insoluble 
sulphide ores to soluble sulphate compounds (Sect.4.3 ., p.92). 
The microprobe analysis (Table 9, p.3 4) showed variations of 
the composition of chalco~yrite due to mechanical admixtures 
of other sulphides, chiefly pyrite. 
It is rare for the copper bodies to carry lead and zinc, 
but it is nornal to find a small amount of copper in the lead-
zinc bodies. According to King (1965), the deposit do not 
occur as copper-lead-zinc ore but separate as lead-zinc and copper 
bodies. Copper ores are widespread through the acid volcanic 
sequence, but the si ze of the ore-bodies is generally small 
(McClatchie, 1970). A higher concentration than the average 
crustal abundance for copper (55 ppm), was found for every 
rock sample from the Peelwood district. Copper was more con-
centrated in the Peelwood mine or e s than the others (Table 3, 
p.23). In the subgroups PM 1dand CZb' chalcopyrite occurred as 
exsolution textures and accumul ated in con tact with quartz. 
According to Ringwood (1955a), depend ing on the initial content of 
C<lpper, the concentration eventually builds up until a copper-rich 
sulphide phase appears. Various occurrences of copper minerals with 
the sodium chloride structure l ead to the entry of copper in 
pyrite and sphalerite . And Cu 2+is c lose in size to Fe 2+ and 
Z 2+ n . Copper was present ·n every pyrite sample and in the 
sphalerite c1c subgroup by being intersticed in the fracture 
of these minerals . Copper occurs as a displacement in small 
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quantities in most minerals. Chalcocite(Cu 2S) was identified 
from hand specimens to be present in all mines of the Peelwood 
district by Markham (1961); (antl all relevant information 
collated by Felton, 1975) . The presence of univalent copper 
sulphide 1n this district indicated the highly reduced nature 
of the orebody. 
Silver, cobalt and nickel are expected to be pr~sent 
in the chalcopyrite. However, because of the limit of detection 
by microprobc analysis, no further conclusion could be made. 
4.2 ELEMENTAL RELATION 
The explanation of the observed elemental correlation was 
provided from the minor and trace elements present in major 
minerals as described in the previous section . For exantple, 
it was found that cadmium and manganese enter sphalerite, 
cobalt and nickel enter pyrite and silver enters pyrite and 
galena . Bismuth is expected to enter galena possibly occurr-
ing as a solid solution with silver minerals (Craig, 1967). 
Attempts will be made to correlate antimony and tin minerals 
with various major elements . In adiition, the observation 
of major element correlations (i.e : zinc with iron, zinc 
with lead etc. ) is due to the association among their minerals. 
Correlations between major eJements and sulphur are observed 
because they occur as sulphide minerals. This knowledge 
will be utilised in order to establish the chemical simi-
larities and differences between the £cur mines. 
A few additional AAS analyses have been performed on 
two John Fardy mine samples (JFla' JF 1b) in order to deter-
mine t}1e concentration of all elements (ie: Pb, Zn, Fe, Cu, 
Cd, irn, Bi, Ag). The result (pro ided in Appendix 1, p. 104), 
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gives insight into tl1e doubtful correlations between silver, 
bismuth and lead . 
NOTE: 
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D I A G R A M S 
a. For each set of diagrams similar 
scales have been employed. All diagrams 
are average values of duplicate or 
triplicate trials. 
b. Limits of standard error of estimate · 
(Sy.x) of correlation lie within the 
area of the broken lines for each dark 
line. Some correlations contain a 
very small range of standard error of 
estimate. Hence, the limits lie within 
the area of the points. 
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4.2.1 ZINC-IRON (Fig. 2) 
Negative correlation between zinc and iron occurred 
in the samples from the Peelwood mine (slope=-4.053) and 
Mount Costigan mine (slope=-1.902). If only massive sulphide 
samples were considered, they lay within these distributions. 
Some samples were remarkedly rich in iron, the others in 
zinc. The samples of disseminated and intermediate sulphides 
lay within a small area, since they contained very low 
concentration of zinc and iron. 
4.2.2 ZINC-LEAD (Fig. 3) 
The correlation between zinc and lead for the samples 
from the Peelwood mine (slope=S.40), John Pardy mine (slope= 
6.38) and Mount Costigan mine (slope=l.80) t ended to reveal 
a progressive increase in zinc with respect to lead. The 
correlation in the Cordillera mine however (slope=l.05) 
indicated that zinc increases proportionally with lead, 
since sphaleri te and galena have the PTPT and· POPO arrange.men ts 
with the tetrahedral and the octahedral sites, respectively, 
occupied. It was shown that one kind of mineral was 
accompanied by the other in forming a solid solution or in 
forming independent phases within an ore assemblage. 
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4.2.3 LEAD-IRON (Fig. 4) 
The correlation between lead and iron was alternatively 
either iron-rich or iron-deficient. The negative correla-
tion occured in the samples of the Peelwood mine (slope= 
0.712) and Mount Costigan mine (slope=-1.062). There was 
no correlation for the other mine samples. It seems that there 
was no solid solution despite the similarity of their 
crystal packing arrangements (POPOPO). The samples of 
disseminated and intermediate sulphides lay within a small 
area separated from the massive ore samples, since they 
contained very low concentration of lead and iron. 
4.2.4 LEAD-ZINC-COPPER TERNARY DIAGRAM (Fig. 5) 
Samples of subgroup 1 (except PM1d), JF 4aand JF 4b 
which are shown in close proximity to each other indicated 
a high concentration of lead and zinc but a low concentra-
tion of copper. The other samples were highly dispersed 
in this diagram. The Cordillera mine samples show a 
progressive increase of copper concentration from massive 
to intermediate mixed sulphides. Whilst the Peelwood mine 
samples showed an increase of copper concentration in 
order of PM1f PM1b<PM1d. A similar diagram pattern for 
the Lachlan Geosyncline was obtained by McClatchie(1970), 
as shown in Appendix 3. 
4.2.5 COPPER-IRON (Fig. 6) 
The Peelwood mine samples contained a high copper 
content whilst the other mine samples contained a lower 
copper content. No correlation was apparent for all mines. 
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4.2.6. IRON-COBALT-NICKEL 
There was a close relationship between cobalt and iron 
(Fig. 7) in the Mount Costigan mine samples (slope= 0.229 x 10- 3 ) 
and a less well defined relation in the John Fardy mine samples 
which overlapped each other. Correlations between nickel and 
iron (Fig. 8) for the samples of the John Fardy mine (slope= 
-3 -3 0.167 x 10 ) and Mount Costigan mine (slope= 0.179 x 10 ) 
overlapped. Also there was a relationship for cobalt and nickel 
to iron (Fig. 9) for the Mount Costigan mine samples (slope= 
o.403 x 10- 3)and a less well defined relationship for the 
John Fardy mine samples. If the whole district samples were 
considered a fairly good correlation was obtained. In addition, 
inadequate relationships of all kinds occurred in the Cordillera 
mine sampled. No relation was apparent for the Peelwood mine. 
4.2. 7. ZINC-CADMIUM 
A good correlation existed b~tween cadmium and zinc for 
the samples from all the mines (Fig. 10). The Peelwood mine samples 
(slope= 0.538 x 10- 2 ) contained the highest cadmium/zinc ratio 
with the samples from the John Fardy mine (slope= 0.438 x 10- 2) 
and Cordillera mine (slope= 0.413 x 10~ 2) having an intermediate 
cadmium/zinc ratio. Whilst the samples from the Mount Costigan 
mine contained the lowest cadmium/zinc ratio (slope= 0.285 x 10- 2). 
The distribution of cadmium with respect to zinc for the samples 
of the John Fardy and Cordillera mines was similar, since the 
correlations overlapped each other. In addition, the concentra-
tion of cadmium with respect to zinc of JFla' JFlb subgroups 
(Appendix 1) · may also be fitted in this correlation for the 
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John Fardy mine. Burnham (1959) and other researchers concluded 
that the occasional reports of cadmium in sulphides besides 
sphalerite were due to the presence of sphalerite inclusions. 
This was strongly accepted since cadmium was detected in 
sphalerites only. 
4.2.8. ZINC-MANGANESE 
Samples of the Peelwood mine (slope= 0.070 x 10- 2) and 
-2 Mount Costigan mine (slope= 0.105 x 10 ) had good correlation 
between manganese and zinc (Fig. 11). Manganese was distributed 
randomly in the samples of the Cordillera and John Fardy mines 
as a whole. Samples of the Codillera mine could be divided 
into 2 stages. There was a low content of manganese in complexed 
massive sulphide samples (slope= 0.054 x 10- 2) and a high 
content of manganese in the disseminated-intermediate sulphide 
samples (slope= 0.415) containing a high quantity of quartz 
and chlorite. 
Manganese was found to enter sphalerite in these samples. 
Where a sphalerite phase was absent (e.g. subgroups c2a' c2b and 
c3) manganese can be suggested to sometimes form either manganese 
sulphide minerals or manganese oxide as independent phases. 
4.2.9. ZINC-CADMIUM-MANGANESE 
Samples of the Peelwood, Cordillera and Mount Costigan 
mines had correlations between manganese and cadmium (Fig. 12). 
The Cordillera mine samples showed two separate correlations 
for disseminated-intermediate and massive sulphides, however 
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only the massive type samples were considered for comparison 
between mines. The order of manganese/cadmium ratios from 
highest to lowest for massive sulphides was the Mount Costigan 
mine samples (slope= 0.36), Peelwood mine samples (slope= 
0.132) and Cordillera mine samples (slope= 0.123). This 
distribution was similar between the Cordillera and Peelwood 
mine samples. 
in 
The relationship for cadmium and manganese to zinc appeared 
-2 the samples of the Peelwood mine (slope= 0.607 x 10 ), 
Cordillera mine (0.441 x 10- 2) and Mount Costigan mine (slope 
-2 
= 0. 391 x 10 ) (Fig. 13). The Cordillera and Mount Costigan 
mine samples were similar to each other. The sphalerite structure 
is shown in both MnS and CdS (p. 36) and ready association 
with zinc in sphalerite is to be expected. 
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4.2.10. LEAD-IRON-ZINC-SILVER 
Samples of the Cordillera and Mount Costigan mines had 
good positive correlations between silver and lead (Fig. 14). 
The Mount Costigan samples (slope= 0.110 x 10- 2) had a similar 
silver/lead slope to the Cordillera samples (slope= 0.107 x 10- 2) 
but a higher silver content. A higher silver content appeared 
in a lower lead content of the Peelwood mine samples with a 
negative correlation (slope= -0.277 x 10- 2). There was no 
correlation for the John Pardy samples. 
The negative correlation of the Mount Costigan mine 
- 2 
samples (slope= -0.116 x 10 ) between silver and iron has 
been shown in Fig. 15. 
There were correlations between silver and zinc of the 
samples of the Cordillera mine (slope= 0.985 x 10- 3) and the 
Mount Costigan mine (slope= 0.606 x 10- 3), as shown in 
Fig. 16. 
The overall abundance of silver is very low and the 
average crustal abundance is about 0.07 ppm. From the previous 
discussion (see sect. 4.1.1, p.41) Ag+ could enter vacant 
lattice sites in pyrite. In addition galena has the same 
crystal arrangement as pyrite (i.e. the POPOPO type structure) 
hence silver is capable of entering analogous tetrahedral 
sites in galena , also because of its similar size with Pb 2+(1.20 A), 
+ 0 it could be much easier for Ag (1.26 A) to replace lead 
in the galena lattice rather than enter the pyrite lattice. 
There is a higher silver content in galena than in the pyrite 
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samples (Table 5 and 10 ). Silver is a congener of copper 
in the periodic t~ble, hence the association of similar 
crystal types might occur among silver and copper sulphide 
minerals. 
According to Fleischer (1955), silver would enter 
galena, chalcopyrite and pyrite among the common sulphides. 
From the pyrite analyses (Table 5) the presence of a small 
amount of silver entering for iron is indicated. No silver 
was found entering for zinc from the sphalerite analysis 
of the subgroup JF 4a (detection limit was 200 for microprobe 
analysis). Obviously there was no correlation between silver 
and zinc for the John Fardy mine samples and the Peelwood 
mine samples. Fr6m the previous discussion (Sect. 4.2.2, p. 54) 
a good relation of lead and zinc occurred for all mines 
which might reflect the correlation of silver to zinc. It 
may be implied that silver does enter for sphalerite of 
the Mount Costigan and Cordillera mine samples. 
A higher silver content and a lower lead content for 
the sample PM1d compared with the samples PM1b and PM1c was 
due to the presence of chalcopyrite. Both samples PM1b and 
PM1c contained different contents of lead and iron, but 
sample PM1b contained approximately 1% copper content higher 
than PM1c. Therefore the sample PMlb would have a higher 
silver concentration than the sample PM1c. The complex 
compositions of the Peelwood mine samples, which distinguished 
them from the other mines, led to the absence of the 
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correlations of silver to iron and to lead . The same reason 
could apply for the John Pardy mine samples . The correlation 
between silver and lead are expected for all mines. 
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4.2.11 LEAD-BISMUTH-SILVER 
There was a positive correlation between bismuth and 
lead of the Cordillera mine samples (slope =0.023 x 10- 2). 
-2 Samples of the Peelwood mine (slope= -0.142 x 10 ) and 
the Mount Costigan mine (slope= -0.148 x 10- 2) showed a 
decrease in bismuth content with respect to an increasing 
lead content (Fig. 17). 
From Fig. 18, the positive correlation between silver 
plus bismuth and lead occurred in the Cordillera mine samples 
(slope= 0.130 x 10- 2) and the negative correlation occurred 
in the Mount Costigan mine samples (slope= -0.037 x 10- 2 ). 
The majority of the district samples showed a good distri-
bution of bismuth and silver with respect to lead. 
The positive correlation between bismuth and silver 
(Fig. 19) occurred in the samples of the Peelwood mine 
(slope= 0.523) and the Cordillera mine (slope · =0.221 ). 
Whilst the negative correlation appeared in the Mount 
Costigan mine samples (slope= -1.313 ). 
The crustal abundance of bismuth is 0.2 ppm, and 14 
out of a total of 17 samples contained higher bismuth contents 
than the average abundance. The bismuth minerals were 
reported to associate with galena, pyrite and chalcopyrite 
in the Lachlan Fold Belt, N.S.W, mostly as discrete minerals. 
Almost all of the bismuth deposits occur within or near the 
margin bf graniti~ rocks or in an adjacent to Silurian 
acid volcanic sequence, McClatchie (1973). Therefore the 
base metal deposits contain at least traces of bismuth in 
the Peelwood district. Fleischer notes that bismuth is 
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commonly reported in galena and the occasional occurrence in 
other sulphides is probably due to galena impurities. 
Bi 3+ could exist as many sulphide minerals, e.g. Bi 2s3 , 
bismuth could form compounds with silver, e.g. AgBiS 2 , and 
occur with silver to form the compound AgBiS 2 (Deer, Howie 
and Zussman, 1961; Craig, 1967). They are present as discrete 
minerals in association with galena. When bismuth occurs 
with silver in solid solution with galena, e.g. (Ag, Bi)S-PbS, 
then they should be capable of entering the vacant tetrahedral 
sites in galena. 
From Table 3 (p.23) and Appendix 1 (p.104), silver is present 
in the samples of MC 1a and JF 1a subgroups but bismuth is absent. 
Possibly two separate sulphide compounds for silver and bisn1uth 
occur in samples of the Mount Costigan and John Pardy mines as 
independent phases. This similar occurrence may occur in the 
Peelwood mine samples. Due to the presence of correlations 
between silver, bismuth and lead, the Cordillera mine samples 
are more likely to have a solid solution of (Ag,Bi)S-PbS and 
discrete sulphides of silver and bismuth in association with 
galena. Hence a good proportion between bismuth and silver was 
obtained. No conclusion could be made for the Peelwood mine 
correlation between bismuth and silver. two of the· three 
samples contained very similar bismuth/silver ratios. No 
similar proportion between lead, bismuth and silver was apparent 
for all mines taken together. 
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4.2.12 LEAD -ZINC-IRON-ANTIMOMY 
No thcoritical prediction could be made for 
the behaviour of antimony. It is widely distributed 1n 
acid volcanic sequences 1n small amounts. Almost all 
samples (except JF 3b subgroup) contained a higher antimony 
content than the average crustal abundance ( 0.2 ppm)(Table 3i P·23} 
Antimony would appear as sulphosalts jamesonite (Pb 4FeSb 6s14), 
bournonite (PbCuSbS 3) and tetrahedrite [(Cu,Fe,Zn,Ag) 12 -
Sb 4s13 ]. These th~ee minerals were identified by Markham 
(1961) for the Cordillera mine and the Mount Costigan mine 
samples as minor minerals. Therefore antimony was more 
concentrated in these mine samples than in the Peelwood 
and the John Pardy mine samples. Due to the various proportions 
of each mineral, the relationships of antimony to other 
elements are uncertain. It was found that the positive 
relation of antimony to zinc occurred only in the samples 
-3 
of the Peelwood mine (slope= 0.753 x 10 ), Fig. 22. 
Bournonite occurs typically in hydrothermal veins of minerals 
and is associated with galena, tetrahedrite, chalcopyrite, 
sphalerite, and pyrite. It is frequently noted as micro-
_scopic inclusions in galena .Jamesonite is associated with 
other lead sulfosalts, galena, tetrahedrite and sphalerite. 
In addition the antimony content was not 1n proportion with 
silver. The distribution of antimony is far from a simple 
explanation. 
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-4.2.13 OTHER ELEMENTS 
TIN 
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Among the common base metal ions, Sn 4+(0.71 A) is 
. . . . C 2+ 2+ 2+ 4+ d 3+ ( 
similar in size to u , Zn , Fe ,Mo an V crystal 
0 
radii= 0.72, 0.74, 0.74, 0.70, 0.74 A respectively). It 
shows complex behaviour and prefers to form a covalent bond 
with sulphur, especially under reducing conditions in 
the presence of sulphide ions (Taylor, 1966). Thirteen 
out of a total of 17 samples contained tin higher than the 
crustal abundance (2 ppm). According to . Fleischer (1955) and 
Burnham (1959), tin occurred in galena, sphalerite and 
chalcopyrite. No positive correlations among tin with lead, 
zinc and iron occurred for all mines. 
MOLYBDENUM 
Molybdenum exists 
0 
(0.62 A) as free ions 
both in the Mo 4+ (0.70 A), Mo 6+ 
4-
and as (Mo0 4 ) complex. 
4+ Only Mo has 
a reasonably probability of being present in sulphide phases. 
The massive sulphide samples contained higher molybdenum 
contents than the intermediate/disseminated sulphide samples. 
All except 2 samples contained higher molybdenum than the 
average crustal abundance (1.5 ppm). 
VANADIUM-CHROMIUM 
Because of the contamination of chromium from the 
grinding vessel, no further discussion was possible. 
The precipitation and accumulation of vanadium is 
probably due to the reducing conditions to form trival ent 
vanadium compound and present in trace amount with sulphide 
minerals. All rock samples contained lower vanadium 
content than the average crustal abundance (135 ppm). 
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4.2.14. IRON-LEAD-ZIC-SULPHUR 
The positive relationship between iron and total sulphur 
occurred in the John Fardy mine (slope= 0.918), the Cordillera 
mine (slope= 0.593) and the Mount Costigan mine (slope= 3.180) 
(Fig. 27). The three mines were more pyritic than the Peelwood 
mine ores. The Peelwood mine samples were rich in copper minerals 
(Table 3, p.23). 
Samples of the Peelwood mine had correlations between 
lead and total sulphur (slope= 0.821) and zinc and total sulphur 
(slope= 4.721), as shown in Fig. 28 and Fig. 29. It is unfor-
tunate that only three samples were available. 
4.3. THE EFFECT OF WEATHERING OXIDATION ?OR TRANSFORMING 
WATER INSOLUBLE SULPHIDE ORES TO SOLUBLE SULPHATE COMPOUNDS 
From Table 4 (p.28) the solubility of rock samples increases 
with increased acidity of the water soluble constituents, 
that is the solution of lower pH (eg. 2) contains a higher 
concentration of water soluble ions. The exception being 
the solutions from samples MClb and Cle' which were of the 
same pH, but the solution for MC 1b had a higher percentage of 
soluble ions possibly due to the presence of the chloride ion. 
For the remaining samples containing no chloride ion the 
conce11tration of water soluble ions was directly related 
to the pH. The solutions of JF 3aand c3 contained the wateT 
soluble chromium ion. In nature chromium has a strong 
affinity with oxygen to form oxide compounds of which 
Cr 2o3 and chromate compounds are common. Chromium oxide 
is insoluble in, ater but slightly soluble in weak acid 
solution. The chromate compounds of the alkali and alkaline 
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earths (except Ba) are soluble in water. The weathering and 
oxidation (e . g. atmospheric oxygen) are strong factors in the 
transfo1·mation of sulphide to soluble sulphate compounds. The 
samples from the John Fardy mine were obvious~y more oxidised 
than the others. From visual observation of the samples 
before removing the weathered surfaces it was noted that they 
were coated with rusty-like ffiinerals. The copper minerals 
were found to deposit seperately from the main orebodies. 
The oxidation of sulphide minerals proceeds according to 
the reactions: 
ZnS + 202 -> ZnS0 4 
CdS(in ZnS) + 202 -> CdS0 4 
MnS(in ZnS) + 202 -> MnS0 4 
PbS + 202 -> PbS0 4 
2FeS 2 + 7~02 + H 0-> 2 Fe 2 (S0 4) 3 + H2so 4 
CuS + · 202 -> Cuso 4 
Due to the inaccessibility of oxygen to the lower part of 
the orebody copper sulphate solution would assist in the 
reaction with the deeper sulphides. Thus there is a migration 
of the valuable metal in the veins. The oxidation proceeds 
according to thP following rea~tion: 
14Cu 2+ + SFeSz + + 2+ SFe + 3S0 2- + 24H+ 4 
t OXIDATION 
Fe 3+ + e 
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This gives a higher probability for enrichment in ferric 
and ferrous sulphates over a long period of deep weatherirtg 
and oxidation . 
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CHAPTER 5 
CONCLUSION 
It is now possible to draw the following conclusions. 
1. Cobalt and nickel were present in pyrites found in 
all mine samples. The ratio of nickel to cobalt closely 
approximated to unity for the 11ajority of the John Fardy, 
Cordillera and Mount Costigan samples, however two of the 
three Peelwood mine samples had ratios higher than two. The 
rc1 tios cobalt to iron, nickel to iron, and cobalt and nickel 
to iron were consistent for all samples from the Mount Costigan 
mine. In contrast however, correlation between cobalt and iron, 
and between nickel and iron was less well defined for the 
Cordillera and John Fardy mine samples. Furthermore a correlation 
between iron and sulphur appeared in these three mine samples. 
Therefore the pyritic mass and its minor element distributions 
were found to be chemically similar in the John Fardy, Cordillera 
and Mount Costigan mine samples. 
2. Iron, cadmium and manganese were found in all sphalerit e 
samples. Of these sphalerite samples, the Cordillera and 
Mourt Costigan mines were found to be rich in iron (i.e. 
C>MC>JF~PM), the John Fardy mine in manganese (i.e. JF>MC> 
PM>C) and the Peelwood mine in cadmium (i.e.PM>JF:::C>MC). 
ut interchange reactions between pyrite and pyrrhotite may have 
oGcurr ed due to metamorphic process, hence no further comparison in 
terms of iron concentration could be made. Consequently, the 
ratios of cadmium and manganese to zinc were consistent for the 
samples of the Cordillera and Moun t Costigan mines . Manganese 
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distribution for the Peelwood mine was apparently similar to the 
Cordill0ra mine. 
3. Silver was present in both galena and pyrite, but the 
galena contained a higher silver content. 
Relationships were observed for silver to lead, silver 
to zinc, bismuth to lead, bismuth and silver to lead and silver 
to bismuth for the Cordillera mine samples. The correlation 
between silver and zinc appeared in the Mount Costigan mine 
samples with no relationship to the Cordillera mine samples. 
And relationship between silver and lead for the Mount Costigan 
mine samples was similar to the Cordillera mine with a higher 
silver content. No similarity between silver and bismuth 
distributions appeared for the mines because of the variety 
of their occurrences. 
4. The Mount Costigan and Cordillera mine samples were 
closely related to each other in pyrite and sphalerite compo-
sition and in their minor element distributions. The John Pardy 
mine samples appeared to have a similar pyrite composition with 
the Mount Costigan and Cordillera mines and cadmium distribution 
with respect to zinc was simjlar to the Cordillera mine. Varieties 
of minor elements in their major minerals for the Peelwood mine 
samples were similar with the other mines. The Peelwood mine 
differed mostly from the others in terms of its pyrite, sphalerite 
and minor element distributions. Chalcopyrite was more conc en t r a t ed 
and relationship be t,veen antimony and zinc, and zinc and 
sulphur w re apparent in the Peelwood mine samples. 
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5. Sphalerite analysis from Captains Flat ore by Lake 
George Mines Ltd. shows similar zinc to cadmium ratios to those 
found in this work for Cordillera and John Fardy mines(Appendix 4, 
p. 107 and Table 3, p. 23). In addition the ratios of Zn/(Cd+Mn) 
and the iron concentration in Peelwood sphalerite were in th e 
range of Captains Flat samples. 
Finally, the lead-zinc-copper ternary diagram as shown in 
Appendix 3(p. 106) indicates a close relationship between Capt ains 
Flat, Peelwood and Woodlawn. And the Captains Flat-type ternary 
diagram from McClatchie was similar to those found in this work. 
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APPENDIX 1 
Distribution of Certain Elements and Elemental Ratio for the 
John Fardy Mine Samples. 
%wt/ ppm 
Zn 
Pb 
Fe 
Cu 
Cd 
Mn 
Ag 
Bi 
Zn:Cd 
Zn:Mn 
Zn:Pb 
37.29 + 0.2~ 
17.12 + 0.22 
12.44 + 0.13 
0.095+ 0.001 
1520 + 28 
240 + 10 
51 + 2 
ND 
245 : 1 
1554 
2.18 
1 
1 
41.92 + 0.26 
0.35 + 0.006 
16.61 + 0.69 
0.68 + 0.01 
1980 + 53 
190 +. 15 
27 + 2 
55 + 2 
212 
2206 
120 
1 
1 
1 
NOTE: These were obtained after the diagrams have been prepared. 
The results have been plotted subsequently. 
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APPENDIX 2 
Mineralization From Mine Data Sheets, Geol. Surv. N.S.W. 
(After Felton, 1975) for Peelwood District. 
Major minerals 
Primary: 
Secondary: 
Minor minerals 
Primary: 
Secondary: 
Peelwood+John Fardy 
galena 
sphalerite 
chalcopyrite 
pyrite 
malachite 
azurite 
tetrahedrite 
bornite 
arsenopyrite 
pyrrhotite 
chalcocite 
covellite 
Cordillera 
pyrite 
arsenopyrite 
sphalerite 
galena 
chalcopyrite 
tetrahedrite 
chalcocite 
covellite 
pyrrhotite 
marcasite 
scheelite 
native gold 
bournonite 
jamesonite 
cuprotungstite 
stolzi te 
Mt. Costigan 
pyrite 
sphalerite 
galena 
chalcopyrite 
chalcocite 
covellite 
arsenopyrite 
pyrrhotite 
marcasite 
tetrahedrite 
bournonite 
jamesonite 
cup."::'ite 
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APPENDIX 3 
Pb -Zn-Cu ternary diagram(in percent mole) for Captains Flat-
type mineralization (taken from McClatchie, 1970). 
Cu 
50 
1. Capta~ns Flat -production figures 
2. Peelwood group -ore reserves 
3. Woodlawn -DDH2 (242-322 ft) 
4. Rosebery -production to 1963 
S. North Wisemans Creek -(from Stanton 
1955) 
6. Phoenix Mine -(from Stanton 1955) 
7A. Belara DDH Bl (203.3-208.l ft) 
7B. Belara DDH B2 (336.5-356 ft) 
8. Mt Shorter (Rosedale)samples 
9. Mt Bulga -ore reserves 
10. Junction Point -dump sample 
11. Dartmoor -underground sample 
12. Commonwealth mine (average of 
10 underground sample) 
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APPENDIX 4 
Analyses of Localised Zinc Conc en trates*of Captains Flat 
(Edwards and Baker, 1953). 
No Location 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Level 
ft. 
312 
312 
312 
312 
312 
750 
750 
910 
910 
910 
910 
121,070 
131,070 
14 1,390 
15 1,390 
16 1,390 
17 1,390 
Co-ordinate 
ft. 
750 s 
1,230 s 
2,470 s 
2,850 s 
4,360 s 
2,380 s 
2,800 s 
500 s 
1,180 s 
3,490 s 
3,910 s 
2,320 s 
2,510 s 
580 s 
1,300 s 
3,400 s 
3,580 s 
~ 0 Fe 
3.0 
2.6 
4.6 
2.6 
4. 6 
5. 0 
3.4 
2. 2 
4. 8 
5.0 
4.0 
3.8 
2.8 
9.2 
3.6 
8.0 
3. 0 
Zn:Cd 
472 
435 
373 
469 
348 
460 
427 
462 
400 
401 
416 
380 
458 
378 
415 
388 
410 
Data supplied by Lake George Mj_nes Ltd. 
* Mean of sphalerite 
Zn:Mn 
1920 
973 
800 
961 
1460 
1340 
1485 
1490 
1880 
1886 
970 
963 
851 
1680 
1907 
1667 
1980 
Zn: (Cd+Mn) 
379 
301 
254 
315 
280 
343 
332 
353 
328 
331 
291 
273 
296 
309 
340 
314 
339 
%Zn 
57.6 
58.4 
56.0 
5 7. 7 
. 5 8. 4 
53.6 
59.4 
59.6 
56.4 
56.6 
58.2 
57.8 
59.6 
50.4 
5 7. 2 
50.0 
59.4 
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APPE NDIX 5 
Hardness and Specific Gravity for Minerals under Study 
(Hurlbut, 1971). 
Specific 
Mineral Hardness Gravity 
Chlorite 2-2~ 2.6-2.9 
Galena 2~ 7.4-7.6 
Calcite 3 2. 71 
Sphlerite 3~-4.1 3.9-4.1 
Dolomite 3~-4 2.85 
Chalcopyrite 3~-4 4.1-4.3 
Pyrite 6-6~ 5.02 
Quartz 7 2.65 
